The process of pollen germination is crucial for flowering plant reproduction, but the mechanisms through which pollen grains establish polarity and select germination sites are not well understood. In this study, we report that a formin family protein, AtFH5, is localized to the vesicles and rotates ahead of Lifeact-mEGFPlabeled actin filaments during pollen germination. The translocation of AtFH5 to the plasma membrane initiates the assembly of a collar-like actin structure at the prospective germination site prior to germination. Genetic and pharmacological evidence further revealed an interdependent relationship between the mobility of AtFH5-labeled vesicles and the polymerization of actin filaments: vesicle-localized AtFH5 promotes actin assembly, and the polymerization and elongation of actin filaments, in turn, is essential for the mobility of AtFH5-labeled vesicles in pollen grains. Taken together, our work revealed a molecular mechanism underlying the polarity establishment and vesicle mobility during pollen germination.
INTRODUCTION
Flowering plants rely on pollen germination and subsequent tube growth to deliver the two non-motile sperm cells to the ovules for double fertilization. After falling onto the stigma, pollen grains absorb water and undergo an activation process through which they transform into highly polarized cells (Lord and Russell, 2002; Swanson et al., 2004) . Polarity establishment provides axial information that the grain uses to select the site for tube emergence (Taylor and Hepler, 1997) . Little is known regarding the mechanisms through which pollen transforms from a nonpolar cell into a polarized cell and subsequently selects the germination site.
Previous studies using inhibitors of actin filaments demonstrated that an intact actin cytoskeleton is essential for pollen germination (Pierson and Cresti, 1992; Gibbon et al., 1999) . In pollen grains, actin filaments exist in two distinct states during the activation process (Heslop-Harrison et al., 1986; Xu et al., 2004) . In dehydrated pollen grains, actin filaments are kept in a storage state and are structured as crystalline fusiform bodies. After hydration these fusiform bodies are dispersed and replaced by polarized, higher-ordered bundles of actin filaments, which are oriented toward the prospective germination site (Heslop-Harrison et al., 1986; Gibbon et al., 1999; Fan et al., 2004; Xu et al., 2004; Zhang et al., 2011) . Because these observations are based on cell fixation and phalloidin staining, it is difficult to assess the dynamics of actin filaments. A recent study attempted to visualize actin dynamics in living pollen grains, and observed actin filaments mainly at the cell periphery opposite to the germination site and no obvious polarization toward the germination site (Vogler et al., 2015) . Thus, the dynamics of the actin cytoskeleton in pollen grains, particularly during the polarity establishment process, are largely unclear.
The dynamics of the actin cytoskeleton are precisely regulated by a group of actin binding proteins (ABPs) (Ren and Xiang., 2007; Li et al., 2015) . Several studies have found that the mutation of some ABPs, such as FIMBRIN5 (FIM5) and ACTIN-DEPOLYMERIZING FACTOR5 (ADF5), causes abnormal actin filaments in pollen grains and impairs germination Zhu et al., 2017) . Formin is a potent actin nucleator that stabilizes the formation of actin nuclei and induces the assembly of parallel actin filaments for the formation of actin bundles or cables (A) Representative time-lapse images (maximal projection of z sections of the whole cell) of actin filaments labeled with Lifeact-mEGFP during pollen germination. ''0 s'' was set at 1 h after the incubation of pollen grains on germination medium. The blue band indicates the region selected for kymograph analysis in (D). Scale bar, 4 mm. (Campellone and Welch., 2010; Wang et al., 2012) . Formins have been reported to stimulate actin assembly from the subapical membrane, and represent the prominent actin polymerization pathway for polar growth (Cheung et al., 2010) . However, the function of formin in pollen grains requires further investigation.
In this study, we characterized the function of AtFH5 in directing the establishment of actin polarity during pollen germination. In addition, our data provide in vivo evidence supporting a probable model in which actin polymerization provides the force for the mobility of vesicles in pollen grains.
RESULTS

Actin Filaments Establish the Polarity in Pollen Grains Prior to Germination
The actin cytoskeleton plays a vital role in pollen germination (Pierson and Cresti, 1992; Gibbon et al., 1999) . However, the available information regarding actin dynamics in pollen grains is very limited. Therefore, we generated transgenic plants expressing Lifeact-mEGFP (Riedl et al., 2008) under the control of the pollen-specific promoter, Lat52 (Twell et al., 1989) to visualize actin filaments in pollen grains. To minimize the potential for adverse effects of Lifeact-mEGFP expression on pollen activity (Montes-Rodriguez and Kost, 2017), we selected a homozygous line with moderate fluorescence and a germination rate similar to that of wild-type pollen grains (Supplemental Figure 1 ).
Time-lapse imaging of Lifeact-mEGFP was performed to observe the process through which actin cytoskeleton polarity is established in pollen grains prior to germination ( Figure 1 ). The entire process could be divided into two stages: the actin-filamentrotation stage and the collar-like actin-structure-construction stage. During the rotation stage, the actin filaments in a pollen grain moved rapidly ( Figure 1A , 0-640 s; Supplemental Video 1). Quantification of the fluorescent densities of actin filaments at the prospective germination site (referred to as Site-1) and the opposite site (Site-2) yielded two inversely oscillating curves, indicating that the actin filaments within a pollen grain underwent rotational movements ( Figure 1B) . The almost identical time periods between the neighboring peaks of each curve indicated that the actin filaments moved at similar velocities within the cell. The rotational velocity of the actin filaments (the perimeter of the pollen grain divided by the rotation period) was estimated to equal 0.15 ± 0.03 mm s À1 (mean ± SE, n = 20 grains; Figure 1C ). The beginning of the collar-like actin-structure-construction stage was identified based on the accumulation of dense actin filaments at the future germination site ( Figure 1A , 1380 s). These actin filaments continued to accumulate and expanded radiatively into an elaborate collar-like structure with an average actin bundle length of 2.69 ± 0.39 mm (mean ± SE, n = 15 grains) ( Figure 1A , 1540 s; Figure 1D and 1E). The highest intensity of actin bundles in the collar-like structure was observed at the ends closest to the future germination site, which suggests that the actin filaments may be freshly polymerized at these ends, i.e., the barbed ends ( Figure 1F ). The newly formed actin structures were not stable but rather disappeared and recurred at the same site ( Figure 1A , 2180 s and 2440 s; Figure 1G ), and the pollen ultimately germinated with long actin filaments extending from the tube into the grain ( Figure 1A , 4000 s). Through single-layer imaging, we confirmed that the bright ends of the actin filaments at the future germination site were located near the plasma membrane ( Figure 1H ). In addition, we observed that actin filaments underwent rapid elongation with a speed of 0.19 ± 0.06 mm s À1 (mean ± SE, n = 22 from six grains; Figure 1H and 1I), which is close to the rotational velocity of the actin filaments in pollen grains. Taken together, these observations revealed that the actin cytoskeleton actively rotates and ultimately erects a polarized collar-like actin structure at the prospective germination site prior to pollen germination.
Disruption of AtFH5 Abolishes the Rotation of Actin Filaments in Pollen Grains
Formin proteins are potent nucleators promoting actin polymerization in plant cells (Campellone and Welch, 2010; Wang et al., 2012) , and AtFH5 is highly expressed in pollen grains (Schmid et al., 2005) Figure 2A ). To test whether AtFH5 is important for pollen germination, we used two independent T-DNA mutants with low levels of AtFH5 transcription (Supplemental Figure 2B and 2C, atfh5-2, SALK_044464 ; atfh5-3, SALK_152090). Mutation of AtFH5 substantially decreased the germination rate of pollen grains compared with that of the control pollen grains under our experimental conditions (Supplemental Figure 2D ). For the examination of actin dynamics, the Lifeact-mEGFP marker line was introgressed into the atfh5-3 mutant. Due to their low germination rate and their long-term exposure to the laser during the imaging process, most of these grains did not germinate under the microscope ( Figure 1J and Supplemental Video 2). In these ungerminated atfh5 grains, actin filaments existed as short bundles ( Figure 1J ), did not show active rotational movement ( Figure 1K ), and did not form the collarlike actin structure ( Figure 1J ). Skewness measurements further revealed that the atfh5 pollen grains had fewer actin bundles than the control grains ( Figure 1L ). In very few cases, atfh5 pollen grains germinated during recording, but the actin filaments in these cells neither rotated nor a formed collar-like structure (Supplemental Figure 2E and 2F; Supplemental Video 3). These observations indicate that AtFH5 is a master regulator controlling the formation of long actin filaments, the rotational movement of actin filaments, and the formation of the collar-like actin structure in pollen grains.
To test whether other formins contribute to pollen germination, we applied SMIFH2, an inhibitor of formin proteins (Rizvi et al., 2009) , to atfh5-3 and control pollen grains. SMIFH2 treatment of the control pollen grains resulted in phenotypes similar to those observed in atfh5 mutant grains, i.e., actin filaments became short and motionless (Supplemental Figure 3A and 3B). The application of SMIFH2 did not further impair the rotational movement of actin filaments in atfh5 pollen grains (Supplemental Figure 3C and 3D). However, SMIFH2 treatment slightly but significantly decreased the bundling of actin filaments and dramatically inhibited the germination rate of atfh5 pollen grains (Supplemental Figure 3E and 3F). These data suggest that other formin proteins may cooperate with AtFH5 to promote pollen germination.
Vesicle-Localized AtFH5 Rotates Ahead of Actin Filaments and Induces Actin Polymerization
To investigate the subcellular localization of AtFH5, we generated a pAtFH5:gAtFH5-mCherry construct to complement the expression of AtFH5 in atfh5-3 mutants (Supplemental Figure 2C ). The AtFH5-mCherry fusion protein was functional because it successfully restored the germination of atfh5-3 pollen grains (Supplemental Figure 2D ). The vesicle marker, YFP-RabA4b , was introgressed into the AtFH5-mCherry line to investigate the possible co-localization of RabA4b and AtFH5. In dual-labeled pollen grains AtFH5-mCherry and YFP-RabA4b were highly co-localized and accumulated together in brefeldin A (BFA) bodies after treatment with a high dose of BFA (Figure 2A and Supplemental Figure 4A ), supporting the vesicle-localization of AtFH5. Interestingly, we observed that a portion of AtFH5-mCherry was translocated to the plasma membrane during the collar-like actin-structure-construction stage, while YFP-RabA4b-positive vesicles stayed in the cytoplasm as previously reported for pollen tubes ) ( Figure 2B ).
We also crossed the AtFH5-mCherry line with the Lifeact-mEGFP line to analyze the possible interaction between AtFH5 and actin filaments in pollen grains. Time-lapse imaging revealed that AtFH5-mCherry continuously rotated ahead of the actin filaments in the pollen grain ( Figure 2C and Supplemental Video 4). This spatiotemporal relationship became evident when plotting the fluorescent density at Site-1 and Site-2 of pollen grains as a function of time ( Figure 2D ). The peaks of actin filament fluoresence sequentially followed the peaks of AtFH5-mCherry fluorescence with a time lag of 110.8 ± 39.45 s (mean ± SE, n = 5 cells; Figure 2D ). The velocity of the AtFH5-labeled vesicles was estimated to equal 0.14 ± 0.04 mm s À1 (mean ± SE, n = 20 grains; Figure 2E ), which is close to the elongation rate of actin filaments in the collar-like actin structure (0.19 ± 0.06 mm s À1 , Figure 1I ). The localization of AtFH5-mCherry-labeled vesicles at the ends of actin filaments was abolished by BFA treatment, suggesting that vesicle trafficking is essential for the interplay between AtFH5-mCherry and actin filaments in pollen grains (Supplemental Figure 4B ).
We subsequently examined the behavior of AtFH5 and actin filaments at the collar-like actin-structure-construction stage. The translocation of AtFH5-mCherry to the plasma membrane was followed by the polymerization of actin filaments and the construction of the collar-like actin structure at the prospective germination site ( Figure 2F -2H and Supplemental Video 5). These data suggest that the translocation of AtFH5 to the plasma membrane mediates the transition from the actin filament rotation stage to the collar-like actin-structure-construction stage.
Rotational Movement of AtFH5-Labeled Vesicles Relies on Intact Actin Filaments in Pollen Grains
To gain insight into the potential involvement of actin filaments in the rotation of AtFH5-labeled vesicles, we used latrunculin B (LatB), an inhibitor of actin polymerization that binds to actin monomers. Treatment of pollen grains with LatB depolymerized actin filaments and simultaneously immobilized AtFH5-labeled vesicles (Figure 3A and 3B; Supplemental Video 6) . In contrast, AtFH5-mCherry-labeled vesicles continued to rotate ahead of actin filaments with the same lag time, but with a decreased speed, in the presence of 30 mM or higher concentrations of the myosin ATPase inhibitor, 2,3-butanedione monoxime (BDM) ( Figure 3C-3F and Supplemental Video 7). BDM treatment did not interfere with the response of AtFH5-mCherry and actin filaments to BFA treatment (Supplemental Figure 5A and 5B) . To confirm the effect of BDM, we examined cytoplasmic streaming in pollen tubes. Treatment with 10 mM BDM significantly decreased the velocity of organelle movement (0.73 ± 0.6 mm s À1 ; mean ± SE, n = 25 organelles from five pollen tubes) compared with the velocity (1.6 ± 0.5 mm s À1 ; mean ± SE, n = 25 organelles from five pollen tubes) in control cells (Supplemental Figure 6 ). Cytoplasmic streaming was translocated to the plasma membrane (as indicated by the arrows). The blue band indicates the region selected for kymograph analysis in (G). Scale bar, 4 mm. (G) Kymograph analysis of AtFH5-mCherry and actin filaments in the region indicated by the blue band in (F). Note that AtFH5-mCherry (red) accumulated at the plasma membrane prior to the actin filaments (green) and remained in front of actin filaments afterward. (H) Top view of AtFH5-mCherry and the actin filament structure at the prospective germination site in (F) at 120 s. Scale bar, 4 mm. almost completely halted by treatment with 30 mM BDM (0.24 ± 0.17 mm s À1 ; mean ± SE, n = 25 organelles from five pollen tubes; Supplemental Figure 6 and Supplemental Video 8), indicating the effectiveness of the BDM treatment. However, organelles in pollen grains continued to move in the presence of 30 mM BDM (Supplemental Video 9). These data indicate that the rotation of AtFH5-labeled vesicles during pollen germination depends on intact actin filaments but does not mainly rely on myosin activity.
Movement of AtFH5-Labeled Vesicles in Pollen Grains Relies on Actin Polymerization and Elongation
Because the motion of AtFH5-labeled vesicles and actin filaments in pollen grains was highly dynamic, it was difficult to decipher the details of their interactions. We thus first terminated the movement of AtFH5 and actin filaments by applying LatB and then investigated their mobility during recovery after LatB washout. After removing the inhibitor, actin filaments reassembled around AtFH5-labeled vesicles, indicating active actin polymerization in these regions ( Figure 4A ). Strikingly, induction of the forward movement of AtFH5-labeled vesicles accompanied the assembly of actin filaments ( Figure 4A and Supplemental Video 10). The AtFH5-labeled vesicles with more actin filaments behind them moved faster than those with fewer actin filaments ( Figure 4B ). As a result, separate AtFH5-labeled vesicle pools were integrated into large pools ( Figure 4A and  4B) . At the next stage, AtFH5-labeled vesicles were integrated into an irregular shape surrounded by actin filaments and bundles ( Figure 4C ). The actin filaments in the concave regions were Pollen grains were treated with 10 nM LatB for 15 min to depolymerize actin filaments and were then transferred to medium without inhibitors to recover from the treatment. (A) Single-layer images showing that actin filaments were polymerized from AtFH5-labeled vesicles and that the assembly of actin filaments in turn pushed the separated piles of vesicles, causing them to merge together. Arrows indicate the outer edges of the AtFH5-labeled vesicle pools. ''0 s'' was set at the point where pollen grains were transferred to medium without LatB. Scale bar, 4 mm. Formin-Mediated Actin Assembly Guides Pollen Germination longer than those in the convex regions ( Figure 4D ). Time-lapse imaging further showed that the elongation of actin filaments pushed the AtFH5-labeled vesicles ( Figure 4E and 4F) . At the last stage, the rotational movement of AtFH5-labeled vesicles and actin filaments was recovered (Supplemental Figure 4G and Supplemental Video 11). The direction of AtFH5-labeled vesicle movement was the same as the direction of actin filament movement ( Figure 4G ). Interestingly, actin filament buckling was frequently observed in regions near AtFH5labeled vesicles ( Figure 4G ). To quantify this buckling, we performed an analysis of convolutedness (the ratio of the traced filament length to the longest length of a bounding rectangle defined by the actin filament). Indeed, the actin filaments near AtFH5-labeled vesicles showed significantly higher convolutedness than those located far from AtFH5labeled vesicles ( Figure 4H and 4I) , implying the existence of a force between actin filaments and AtFH5-labeled vesicles. Collectively, these data indicate that actin polymerization and elongation induced by vesicle-localized AtFH5 is essential for the motion of AtFH5-labeled vesicles.
DISCUSSION
Pollen grains are more challenging to work with than pollen tubes, which have been widely used as a model system for studying polar growth and the structure and function of the actin cytoskeleton (Ren and Xiang, 2007; Fu, 2015) . This challenge is likely due to the high cytoplasmic density, round shape, and large variability in germination time of pollen grains. To date, there is little information regarding the mechanisms through which pollen grains establish polarity and select the germination site for tube emergence. In this study we investigated the process of actin cytoskeleton polarity establishment during pollen germination, and showed that the interaction between AtFH5 and actin filaments is essential for vesicle mobility (Figure 5A-5C ).
Using a stably transformed Lifeact-mEGFP marker line, we analyzed actin cytoskeleton dynamics in pollen grains before germination. In our study, after hydration the actin cytoskeleton first underwent a period of active rotation and then constructed a collar-like structure at the prospective germination site for subsequent tube emergence ( Figure 5A and 5B) . To the best of our knowledge, we provide the first details regarding the mechanism through which the actin cytoskeleton establishes polarity and through which actin filaments mark the prospective germination site in pollen grains. Similar to actin filaments, inclusions in hydrated Narcissus pollen grains move first in a rotational manner and then toward potential germination sites (Heslop-Harrison and Heslop-Harrison, 1992) . Cytosolic Ca 2+ accumulates at future germination sites and, in many instances, at another site soon after hydration (Iwano et al., 2004) .
Whether there is a correlation between these events remains an interesting question. A direct comparison of the in vivo activity of the actin filament markers Lifeact-YFP, YFP-mTalin, and YFP-FABD2 showed that they all strongly affect actin filament organization and cell expansion at high expression levels in pollen tubes (Montes-Rodriguez and Kost, 2017) . The differences in the expression levels of the markers we used in this study and those in other studies might explain why collar-like actin structures in pollen grains were not previously observed (Vogler et al., 2015) .
The reorganization of the actin cytoskeleton is regulated by a variety of ABPs that modulate the behavior of both filamentous actin and globular actin (Ren and Xiang, 2007; Li et al., 2015) . We showed that the translocation of AtFH5 to the plasma membrane was followed by the assembly of collar-like actin structures at prospective germination sites. In line with this, the FH1FH2 domain of AtFH5 can effectively nucleate actin polymerization from actin and profilin-actin pools in vitro Liu et al., 2015) . This cell biological evidence, together with genetic data, indicate that AtFH5 plays an essential role in promoting actin polymerization and establishing actin cytoskeleton polarity in pollen grains. Our results showing the role of AtFH5 in directing actin filament assembly from the membrane are consistent with previous findings that membrane-localized formins represent the major actin polymerization pathway in pollen tubes. AtFH5 accumulates at the tip of the pollen tube and stimulates de novo assembly of actin filaments (Cheung et al., 2010) . Similar to AtFH5, LlFH1 is targeted to apical vesicles and the plasma membrane in lily pollen tubes and is required for actin fringe formation at the subapical region (Li et al., 2017) . Overexpression of cell membrane-targeted AFH1 induces supernumerary actin cables in pollen tubes, especially at the apical and subapical regions (Michelot et al., 2005) . Thus, both pollen grains and tubes rely on formin-mediated actin polymerization and elongation to construct actin filament-based structures.
It is well documented that long-distance intracellular transportation in angiosperm pollen tubes is mainly driven by the actomyosin system (Fu, 2015) . However, to the best of our knowledge the available information regarding vesicle trafficking in pollen grains and the mechanism providing the driving force for this process is very limited. BDM has been widely used to inhibit the activity of myosin (Staiger et al., 2009) , but this agent also exerts off-target effects in plant cells (McCurdy, 1999; Tominaga et al., 2000) . Nevertheless, despite these potential side effects BDM can inhibit the activity of myosin purified from lily pollen tubes in vitro and can completely halt cytoplasmic streaming in lily pollen tubes (Tominaga et al., 2000) . We observed that the presence of 30 mM BDM almost completely inhibited cytoplasmic streaming in pollen tubes, but that AtFH5-localized vesicles continued to rotate ahead of actin filaments in pollen grains with a decreased velocity. These observations suggest the existence of a myosin-independent mechanism in pollen grains that provides the force to induce the movement of AtFH5-localized vesicles.
Our cell biological data support the hypothesis that AtFH5labeled vesicles or plasma membrane localize to the barbed ends of actin filaments. The close relationship between AtFH5 and actin filaments strongly resembles that between the formin and actin filaments in the working model for processive polymerization established by in vitro biochemical studies: the binding of formin to the barbed end of actin filaments permits the occurrence of actin polymerization at the barbed end (Romero et al., 2004; Kovar et al., 2006; Zhang et al., 2016) . Based on these findings, it is plausible that AtFH5 functions as a processive formin in pollen grains, where it localizes at vesicles or at the plasma membrane, nucleates actin polymerization de novo, and binds to the barbed end of actin filaments to promote filament elongation. In support of this notion, a homolog of AtFH5, AtFH14, has been shown to be a processive formin (Zhang et al., 2016) . Several studies on animal formins have demonstrated that site-directed processive polymerization of unbranched actin filaments generates a propulsive force (Footer et al., 2007; Barko et al., 2010) . AtFH5-labeled vesicles always move ahead of but not along the actin filaments in pollen grains. The velocity of AtFH5-labeled vesicles is very close to the elongation rate of actin filaments in pollen grains but is approximately 10 times slower than the speed of myosin-dependent vesicle trafficking (1.6 ± 0.5 mm s À1 ) Prokhnevsky et al., 2008; Madison et al., 2015) . Buckling and straightening have been reported to be prominent actin filament behaviors in Arabidopsis hypocotyl epidermal cells (Staiger et al., 2009) and are related to membrane tension in lamellipodia (Keren and Shemesh, 2017; Pontes et al., 2017) .
The frequent buckling of actin filaments near AtFH5-labeled vesicles could be simply explained as the counterforce from the propulsive action of actin filaments on vesicles. We thus propose a probable working model in which the rotational movement of AtFH5-labeled vesicles is driven by the force generated from processive actin polymerization at the vesicle surface ( Figure 5C ). This mechanism of vesicle mobility is similar to the self-propelling mechanism of intracellular pathogens, where Arp2/3 complex-promoted actin polymerization occurs at the surface and actin-based motility is initiated (Gouin et al., 2005) .
How the rotational movement of vesicles results in the targeting of vesicles to the prospective pollen germination site and how AtFH5-labeled vesicles are fused to the plasma membrane at this site remain interesting questions. Further investigations are needed to dissect the molecular mechanism involved in these processes.
METHODS
Plant Materials and Growth Conditions
The T-DNA mutants, atfh5-2 (salk_044464) and atfh5-3 (salk_152090), were obtained from the Nottingham Arabidopsis Stock Center. All Arabidopsis plants were grown at 22 C in a greenhouse under a 16-h light/8-h dark cycle.
Pollen Germination Conditions and Drug Treatment
Arabidopsis pollen grains were obtained from 4-to 6-week-old plants and cultured on a solid pollen germination medium (5 mM CaCl 2 , 5 mM KCl, 1 mM MgSO 4 , 0.01% H 3 BO 3 , 10% sucrose, and 0.15% agar [pH 7.5]) at 22 C. To quantify the germination rate, we cultured pollen grains from mutants and Columbia 0 (Col-0) side by side on the same medium for 1 h and observed them under an AXIO Observer D1 (Zeiss) with a 103 objective. To visualize the actin filament dynamics during pollen germination, we (A) After hydration, actin filaments undergo an active rotational stage, referred to as the actin-filament-rotation stage, in pollen grains, where AtFH5 localizes at vesicles and rotates ahead of the actin filaments. The future positions of AtFH5-labeled vesicles and actin filaments are blurred to show the rotational movement. (B) A portion of AtFH5 translocates to the plasma membrane at the prospective germination site and induces the formation of a collar-like actin structure prior to pollen germination. This stage is referred to as the collar-like actin-structure-construction stage.
(C) A probable model whereby actin polymerization provides the force for the mobility of vesicles in pollen grains. AtFH5 functions as a processive formin that localizes at the vesicle surface, binds to the barbed end of actin filaments, and promotes efficient actin polymerization and elongation at the end of the filament bound by AtFH5. The assembly of actin filaments, in turn, provides a propulsive force that drives the mobility of AtFH5-labeled vesicles in the same direction as the actin filaments elongate. cultured pollen grains for 1 h before microscopy. The pollen was germinated for 1 h before drug treatment. LatB (Cayman Chemical 10010631) was diluted to 10 nM in pollen germination buffer. To observe the recovery of actin polymerization in pollen grains after LatB treatment, we cultured pollen grains on a dialysis membrane, which allowed them to be transferred between different media. The dialysis membrane with pollen grains was placed in culture medium for 1 h and transferred to medium containing 10 nM LatB for 15 min. For recovery, the dialysis membrane was exposed to fresh culture medium and observation was then initiated. The myosin inhibitor BDM (Sigma 31550) was used to observe the influence of myosin. BDM was dissolved in DMSO and diluted with pollen germination buffer. Pollen grains were treated with 10, 30, or 40 mM BDM. BFA (ApexBio B1400) was dissolved in DMSO and diluted to 5 mM or 50 mM with germination buffer. SMIFH2 (Sigma S4826) was dissolved in DMSO and diluted to 10 mM with germination buffer. Vesicle trafficking in pollen tubes was observed with an AXIO Observer D1 (Zeiss) with a 633 objective.
RNA Extraction and qRT-PCR
Hundreds of fresh flowers were harvested to obtain the pollen grains used in this experiment. Total RNA from pollen grains was isolated with TRIzol reagent (Invitrogen) according to the manufacturer's instructions. The cDNA was reverse transcribed from total RNA using M-MLV reverse transcriptase (Transgene). The expression levels of AtFH5 were determined via qRT-PCR using the SYBR Green mix, and UBQ10 was amplified as an internal control. The primers are shown in Supplemental Table 1 .
Plasmid Construction and Plant Transformation
The pCambia1300-lat52::Lifeact-mEGFP vector was transformed into the Col-0 background. Transgenic plants were carefully screened for a line with moderate fluorescence, and this line was crossed with all the mutant and transgenic plants. The promoters (approximately 1500 bp) and the genomic sequences of AtFH5 were amplified with the primer pair gfh5-F/gfh5-R. The PCR products were fused to mCherry with a 53 Gly linker and inserted into the BamHI/KpnI sites of pCambia1300. The pCAMBIA1300-pgFH5-mCherry vector was transformed into fh5-3 mutants via Agrobacterium-mediated transformation using the floral dip method.
Time-Lapse Imaging and Image Analysis
Time-lapse imaging of actin filaments and AtFH5-mCherry dynamics during pollen germination and the drug treatment experiment were performed using a spinning-disk confocal microscope (UltraView VoX; PerkinElmer, Beaconsfield, Buckinghamshire, UK) equipped with the Yokogawa Nipkow CSU-X1 spinning-disk scanner, a Nikon TiE inverted microscope, and a Hamamatsu EMCCD 9100-13. The 488-and 561-nm lasers were used for imaging. z-Stack time-series images were collected at maximal speed with the z-step set at 0.4 mm. Single-layer imaging during BFA treatment and LatB recovery was performed with an LSM 880 microscope (Zeiss) equipped with a PlanApo 633/1.4 oil objective, and the 488-and 543-nm lasers were used. The acquired images were processed using Volocity (PerkinElmer), Zen Blue software (Zeiss), and ImageJ (https:// imagej.nih.gov/ij/). Super-resolution Airyscan images were acquired on an LSM 880 equipped with a PlanApo 633/1.4 oil objective. A 32channel array of GaAsP detectors (0.2 Airy Units per channel) were used to collect the data, which were subsequently processed using the Airyscan processing method with Zen Black software (2.3). To correct for the decrease in fluorescent intensity resulting from fluorescent bleaching caused by intense imaging, we calculated the relative fluorescence values as the ratio of the fluorescent density in each site divided by the fluorescent density in the entire cell. Kymograph analysis was done using the Multiple Kymograph plugin for ImageJ. To quantify the extent of the co-localization of AtFH5 with the vesicle marker RabA4b, we used the PSC co-localization plugin for ImageJ to calculate Pearson's r for red and green signals. Values were between +1 (positive correlation) and À1 (negative correlation).
SUPPLEMENTAL INFORMATION
Supplemental Information is available at Molecular Plant Online.
FUNDING
